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Featured Application: Results can be used by policy makers and companies for planning seafloor
activities. The susceptibility assessment and the analysis of its reliability can be applied in other
regional works of geohazard assessment.

Abstract: This paper presents a geohazard assessment along the European continental margins and
adjacent areas. This assessment is understood in the framework of the seafloor’s susceptibility to (i.e.,
likelihood of) being affected by the presence of hydrate deposits and the subsequent hazardous disso-
ciation processes (liquefaction, explosion, collapse, crater-like depressions or submarine landslides).
Geological and geophysical evidence and indicators of marine gas hydrates in the theoretical gas
hydrate stability zone (GHSZ) were taken into account as the main factors controlling the susceptibil-
ity calculation. Svalbald, the Barents Sea, the mid-Norwegian margin-northwest British Islands, the
Gulf of Cádiz, the eastern Mediterranean and the Black Sea have the highest susceptibility. Seafloor
areas outside the theoretical GHSZ were excluded from this geohazard assessment. The uncertainty
analysis of the susceptibility inference shows extensive seafloor areas with no data and a very low
density of data that are defined as critical knowledge gaps.

Keywords: gas hydrates; European margins; geohazard assessment

1. Introduction

Marine gas hydrates are crystalline solids forming ice-like marine deposits. They
are composed of water molecules surrounding light hydrocarbon gases, such as methane
(the most common), ethane and propane, in cage-like lattices [1]. They are common in
shallow marine sediments (<1000 m bsf) below 350 mwd under high pressure, relatively
low temperature and high hydrocarbon gas saturation in pore water conditions [2–4].
Bacterial methanogenesis, thermogenesis [5] and serpentinised oceanic crust [6,7] are the
main source of CH4 in continental margin sediment.

Marine gas hydrate is considered an important geohazard feature [8]. Three main
environmental parameters control the nucleation and dissociation of marine methane
hydrates: seafloor temperature, geothermal gradient and pressure [4]. Depressurization
due to drops in sea level and warming of bottom water is the natural main scenario where
hydrate dissociation can take place, driving large-scale natural gas release with potentially
profound impacts, generating landslides, pockmarks, collapses, seafloor explosions and
gas release [3,9]. These processes have also been hypothesized in the geological record [10].
However, under stable pressure/temperature conditions inside the gas hydrate stability
zone (GHSZ), hydrocarbon seepage (such as pockmarks and gas flares) is likely to occur
along fluid migration pathways of deep hydrocarbon reservoirs [11]. Nevertheless, these
pressure-temperature conditions of shallow sediments may be modified by human activity
on deep-water infrastructure such as wellheads, pipelines, production facilities, seabed
anchors, cable touchdown areas on the seabed and catenaries in the water column [12].
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Geological event inventories are a useful tool for regional risk analysis [13]. Global
gas hydrate inventories have been used to make predictions about global hydrate vol-
umes [14,15] and related risks [16], and to make impact projections based on future warm
scenarios [17]. In the near future, marine gas hydrates will become a severe geohazard
because of the unfavourable consequences of global warming on the marine gas hydrate
stability field [11,17]. They will thus trigger seafloor instabilities in gas hydrate areas that
are currently stable [17], discharging marine methane from shallow near-shore environ-
ments (0–50 m) to the atmosphere [18], lowering pH and causing geochemical changes in
the water column due to aerobic oxidation [19]. However, moderate methane submarine
emissions are absorbed by fragile chemosynthetic ecosystems that prosper in the vicinity
of venting gas seeps [20,21]

Evidence of marine methane hydrates has been reported in eight main regions along
the European continental margins, and in adjacent areas such as offshore Greenland
and Svalbard, the Norwegian margin, offshore the northern British Islands, the southern
Iberian and northwest African margins (the Gulf of Cádiz and Alborán Sea), and the Black,
Marmara and eastern Mediterranean seas [22]. However, hydrate-related data (geological,
geophysical and oceanographic) are not homogeneously covered in the whole extent of the
European continental margins. This issue is especially important for obtaining hydrate-
related predictions (e.g., creating a predictive—and quick—static and continuous model
for the hydrate stability field along the whole of the European continental margins).

This paper presents, for the first time on the whole of the European margins and
adjacent areas, a geohazard assessment (susceptibility analysis) of the presence of marine
gas hydrates. It also assesses the main knowledge gaps of hydrate-related information
with a pan-European scope, and analyses their impact on the uncertainty of susceptibility
inference. Susceptibility is understood as the likelihood of the seafloor to be affected by the
presence of hydrate deposits.

2. Geological Setting

The study area offers a wide view of the European margins from Macaronesia (SW
corner: 24◦15′ N; 36◦10′ W) to the Black Sea and the Barents Sea (NE corner: 60◦40′ E, 90◦ N).
This hydrate framework covers three great domains on the European continental margins:
the Arctic, the northeast Atlantic Sea and the south European Alpine Belt (Figure 1).

Hydrate systems in the Arctic province are located on the west Greenland, Svalbard
and western Barents Sea margins. The east Greenland and west Svalbard margins were
created during the Cretaceous to Paleogene continental rifting [23]. East Greenland is
bordered by a wide continental shelf and deep basins. Gas seepage, bottom-simulating
reflector (BSR) levels and pore water anomalies related to offshore Mesozoic sedimentary
basins have been reported, associated with thermogenic gas migration along fractures [24].
The west Svalbard margin is composed of glacigenic debris flows, turbidites, hemipelagic
sediments and contourites [25], where gas flares, seepages and BSR levels take place [26].
Hydrates are mainly represented in mud volcanoes in south Svalbard (e.g., Håkon–Mosby
mud volcano—HM in Figure 1; [27]). Hydrocarbon gases are mainly thermogenic and
locally biogenic [28], but abiogenic [29] contributions have been reported.

The Barents Sea and northern Norwegian margins are composed of a complex struc-
ture of sedimentary basins (e.g., Møre and Vøring; MB and VB in Figure 1, respectively)
and structural highs resulting from the Cenozoic rifting [30]. The sedimentary basins are
filled mainly with fine-grained hemipelagic sediments (Miocene–Pliocene) and glacigenic
debris flows and contourites (Plio-Pleistocene) [31]. The Storegga Slide (SS in Figure 1)
affected a huge sediment volume (mainly of the Møre Basin) as a response to climatic
variability, 8200 ya [32]. In the Barents Sea, hydrate indicators are mainly BSR levels, gas
chimneys and seepage pipes associated with vertical fluid flow systems and shallow gas.
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Figure 1. Main tectonic structures and geological domains on the European continental margins and adjacent areas. Location
of the study area. HM, Håkon–Mosby mud volcano; VB, Vøring Basin; MB, Møre Basin; SS, Storegga Slide; CGFZ, Charlie–
Gibbs fracture zone; EEC, East European craton; Biscay Bay; GFZ, Gloria Fracture Zone; GC, Gulf of Cádiz; AS, Alborán Sea;
SAEB, south European Alpine Belt, NAF, North Anatolian Fault; DD, Danube delta fan. (Taken from [23,33,34]).

However, no hydrates have been obtained. The nature of gases is mostly thermogenic,
migrating through faults and fractures [35]. On the mid-Norwegian margin, hydrate
samples were recovered during the TTR-16 cruise [36], and the indicators are BSR levels,
bright spots, gas chimneys and pockmarks [37], all of them circumscribed to the header of
the Storegga Slide. Here, gases have a microbial origin with thermogenic components [38].

The northwest British Islands margins (Figure 1) are composed of basins with thick
Cenozoic series [39]. Several seepages and gas chimneys are present on the upper slope,
controlled by unconformities and fractures and sourced from the Upper Carboniferous and
Middle and Upper Jurassic successions [40]. No hydrates have been recovered.

The hydrate province of the south European Alpine Belt (SEAB in Figure 1) is located
on the southern Iberian and northwest African margins, in the eastern Mediterranean and
in the Black Sea. These areas are located in the context of the Alpine orogeny, owing to
the convergence between the African and Eurasian plates [41]. On the southern Iberian
and northwest African margins and in the Gulf of Cádiz and Alborán Sea (GC and AS in
Figure 1), hydrate samples have been recovered in mud volcanoes [42,43], associated with other
hydrocarbon fluid flow structures such as pockmarks and hydrocarbon-derived authigenic
carbonate (HDAC) [44]. This fluid flow is controlled by fractures linked to a deep-rooted mud
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diapirism in the allochthonous unit of the Gulf of Cádiz (AUGC in Figure 1; [45]). Hydrocarbon
gases have three origins: thermogenic, mixed thermogenic/biogenic on the subsurface [46]
and abiogenic [7].

In the eastern Mediterranean Sea, the main seabed fluid flow areas are the accretionary
complex and the Nile delta (AP and ND in Figure 1, respectively), where multiple mud
volcanoes, pockmark fields and broad degassing areas with chemosynthetic fauna and
authigenic carbonates are present [47]. Hydrates have only been observed in mud volcanoes
along the accretionary complex [48]. The potential sources for hydrocarbon are related
to late Messinian and Miocene to recent sapropels [49]. In mud volcanoes, gas has a
thermogenic signature, while in pockmarks, the signature is predominantly microbial
methane [50]. In the Marmara Sea (MS in Figure 1), a pull-apart basin onshore of the
North Anatolian Fault (NAF in Figure 1) [51], hydrates of thermogenic origin related to
seismic indicators (e.g., bright spots and transparent and chaotic zones) [52], gas flares,
mud volcanoes and pockmarks [53] have been acquired.

The Black Sea (2212 mwd) is an extensional, mostly anoxic back-arc basin that contains
the largest hydrogen sulphide and methane reservoirs in the world [22]. It is composed of
two sub-basins, the eastern and western ones [54]. The evidence and indicators of marine
gas hydrates are BSR levels, seismic blanking, bright reflections, pockmarks and mud
volcanoes. The northwestern part is dominated by organic-rich delta fan complexes (the
Danube [DD in Figure 1] and Dniepr rivers), where gas flares (microbial origin) and BSR
levels have been observed linked to their canyon and levee systems [55]. Gas hydrates have
been recovered in mud volcanoes related to gas chimneys, active faulting and diapirism in
deep areas of the western basin, as well as in shallow (upper-middle slope) areas in the
southern and eastern parts [55,56]. In these areas, gas shows a mixed thermogenic and
microbial composition in the subsurface.

3. Data Source and Methods

This study used the hydrate-related GIS database of the GARAH project 731166,
GeoERA-GE-1, H2020 Environment (https://geoera.eu/projects/garah4/; accessed on
20 December 2020). This GIS database (GARAHydrates; [57]) is INSPIRE-compliant and
stores hydrate-related geological, geophysical and oceanographic information (Figure 2). It
is the result of a data collection from two main groups of data: (i) data of a pan-European
scope from free public databases and project results, such as EMODnet, PERGAMON and
MIGRATE; and (ii) data of a regional scope from scientific organizations. The source of the
data, owner and person/institution of contact is stored in each database record.

The majority of the geological and geophysical evidence and indicators of marine gas
hydrates of GARAHydrates came from the results of Work Package 1 of the MIGRATE COST
action—ES1405 (https://www.migrate-cost.eu/; data given by MIGRATE COST Action
to GARAH project on 31 January 2019) led by the University of Southampton and the
National Oceanographic Centre, in which 21 organizations from 15 countries were involved.
The MIGRATE database contains 1892 records (vector and raster) and stores information
regarding direct and indirect evidence of gas hydrates. The data on direct evidence of
gas hydrates are from samples described in publications. The data on indirect evidence
include seismic indicators such as BSR levels and areas, gas chimneys, high reflectivity
areas and velocity anomalies. Other gas hydrate information includes seabed features
(gas seepages areas), heat flow data, sediment thickness models, pore water anomalies,
theoretical models of the base of the GHSZ, and relief and bathymetry models.

https://geoera.eu/projects/garah4/
https://www.migrate-cost.eu/
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EMODnet Geology marine minerals (https://www.emodnet-geology.eu/map-viewer/
?p=marine_minerals; accessed on 1 January 2019) supplied 28 records in polygon shapefile
format regarding marine gas hydrate evidence in the Gulf of Cádiz, the Barents Sea and the
Black Sea. The PERGAMON database was developed by the geological surveys of Spain
(IGME) and Ireland (GSI) in 2011 and 2012 in the framework of the PERGAMON COST
action—ES0902 (https://www.cost.eu/actions/ES0902/; data given by PERGAMON Cost
Action to GARAH project on 1 January 2019). This database supplied seafloor temperature
data and theoretical models of the thickness of the GHSZ in the Arctic Sea.

The geothermal gradient data were obtained from the global heat flow database of the
International Heat Flow Commission (website: http://engineering.und.edu/geology-and-
geological-engineering/globe-heat-flow-database/index.cfm; accessed on 31 March 2020).
The data were downloaded with the ODV application (https://odv.awi.de/; accessed on 1
February 2019). Seafloor temperature is a composite dataset developed by the Geological
Survey of Spain (IGME) using CTD data downloaded from the World Ocean Database
(https://www.ncei.noaa.gov/products/world-ocean-database; accessed on 1 February
2019) and the British Oceanographic Data Centre (https://www.bodc.ac.uk/; data given
by British Geological Survey to GARAH project on 30 November 2018). Finally, bathymetry
was obtained from three sources: the EMODnet Bathymetry portal (https://www.emodnet-
bathymetry.eu/; accessed on 31 March 2020), IBCAO (https://www.gebco.net/data_and_
products/gridded_bathymetry_data/arctic_ocean/; accessed on 1 February 2019) and
GEBCO (https://www.gebco.net/; accessed on 31 March 2020).

Several records were added or updated using regional data from scientific organiza-
tions: (i) British Geological Survey (BGS) technical reports for geophysical indicators in
the north of the British Islands [58–60]; (ii) the BGS 250k map series/MCA Civil Hydrog-
raphy Prog data for pockmark mapping; (iii) marine gas hydrate evidence in the Black
Sea from SRDE-Geoinform of Ukraine; and (iv) regional models of the base of the GHSZ
for CH4 and/or CO2 in the Biscay Bay from the Bureau de Recherches Géologiques et
Minières (BRGM).

The thickness of the GHSZ was taken from Núñez-Varela [61]. The hydrate stability
field has been calculated with the CSMHYD program [62] for a standard composition of
biogenic gas [63] and a salinity assumption of 36 psi for all the study area.

4. Results
4.1. Hydrate-Related Information Stored in GARAHydrates

The hydrate-related information is structured in four levels inside GARAHydrates: (i) ge-
ological and geochemical evidence and indicators, (ii) geophysical indicators, (iii) seabed fluid
flow structures, and (iv) oceanographic variables (Figure 2). Four types of items describe the
information: location items, property metadata, geo-descriptors and references/comments
(Table 1). Location items describe the geographical location (coordinates, geological setting,
etc.). Property-reference metadata store the owner of the data and contact information.
Geo-descriptors describe the geological, geochemical and geophysical characteristics of
the evidence or indicator. Finally, references/comments store bibliographic references and
other comments of interest of each item of evidence or indicator.

The level of information “geological and geochemical evidence and indicators” stores
evidence (e.g., crystals of gas hydrates) and indicators (e.g., degassing structures and pore
water anomalies) of gas hydrates acquired by direct sampling. The level “geophysical
indicators” stores seismic or electric features of gas hydrate presence in the sediment
column, such as high resistivity, BSR levels, bright spots, acoustic blanking facies and
gas chimneys. The level “seabed fluid flow structures” stores structures related to fluid
migration in areas where evidence or indicators of marine gas hydrates have been observed.
Finally, the level “oceanographic variables” stores information about seafloor temperature,
geothermal gradient and bathymetry.

https://www.emodnet-geology.eu/map-viewer/?p=marine_minerals
https://www.emodnet-geology.eu/map-viewer/?p=marine_minerals
https://www.cost.eu/actions/ES0902/
http://engineering.und.edu/geology-and-geological-engineering/globe-heat-flow-database/index.cfm
http://engineering.und.edu/geology-and-geological-engineering/globe-heat-flow-database/index.cfm
https://odv.awi.de/
https://www.ncei.noaa.gov/products/world-ocean-database
https://www.bodc.ac.uk/
https://www.emodnet-bathymetry.eu/
https://www.emodnet-bathymetry.eu/
https://www.gebco.net/data_and_products/gridded_bathymetry_data/arctic_ocean/
https://www.gebco.net/data_and_products/gridded_bathymetry_data/arctic_ocean/
https://www.gebco.net/
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Table 1. Description of the attributes (items) of the GARAHydrates GIS database. NN, not null; LV,
list of values.

Set of Items Field Name Description

Principal key ID_IndiNa Unique identification code for each record

Location items

Lat_DD Latitude in decimal degrees (WGS84)
Long_DD Longitude in decimal degrees (WGS84)

WaterDepth Seafloor depth (metres water depth)
GeoSettin Geographical/geological Setting—list of values
LocalSite Local site where the evidence is located

Property
metadata

Data_Sourc Institution/company if owner of data. Project, database or
publication where data were collected

Cruise Oceanographic cruise where data were recovered or
observed

CName Contact name
Email Contact Email

Geo-
descriptors

E_I E = direct evidence; I = indirect indicator—constraints: NN

FF_Type Type of evidence or indicator—constraints: NN; LV:
FF_Type

Descripti Description of the evidence—free text
Sedi_Type Sediment type—LV

D_Indi_mtp Depth of the top of the evidence below seabed in metres
D_Indi_mbt Depth of the bottom of the evidence below seabed in metres

Size Size (volume, km2, tons, etc.)

References
and

comments

DOI DOI of main data publication

Reference References to data. Author, Year and Title. Link to PDF in
data repository

Comments Comments—free text

More than 136,000 records of hydrate samples, seismic indicators and seabed fluid
flow structures have been stored (Table 2). In west Greenland, no hydrates were recovered;
there are only six indirect items of evidence or indicators, such as pore water anomalies
of chloride. However, BSR levels (~9400 km2) and gas flares and seepages (~3500 km2)
have been mapped. West Greenland–Svalbard–Barents Sea is, together with the Black Sea,
one of the most extensive hydrate regions in the study area, with more than 2100 km2 and
26,300 km2 of mapped hydrates and BSR levels (58), respectively, as well as numerous
gas flares and seepages. Although the mid-Norwegian margin is a very localized hydrate
region, it is the only site where hydrates have been recovered on the northwest Atlantic
European margins. Here, gas hydrates are linked to the old slumped slope (Storegga), BSR
levels and seepage area. On the southern Iberian and northwest African margins and in
the Mediterranean Sea, hydrates have only been recovered on mud volcanoes (in the Gulf
of Cádiz and eastern Mediterranean Sea). A high number of hydrate samples have been
recovered in these regions as a result of many oceanographic cruises by scientific groups.
The Black Sea is the hydrate region that has most gas hydrate surfaces mapped (more than
3650 km2), with more than 80 mud volcanoes on the seafloor, 91% of them inside the GHSZ.

Finally, three information layers are stored in the oceanographic variable group:
seafloor temperature (5896 records), geothermal gradient (4332 records) and bathymetry
(composite raster dataset with a cell size ~100 × 100 m).
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Table 2. Geological and geophysical evidence and indicators of marine gas hydrates stored in GARAHydrates.

Geological Settings

Geological Evidence Geophysical Indicators

Hydrates Degassing
Structures

Pore Water
Anomalies BSRs High Res. Gas Chimneys Acoustic

Blanking
Gas

Flares Seabed Structures

Samples Km2/Levels Loc. Sites Km2/Levels Loc. Sites Km2/Levels Pocks-Seeps
Loc. Sites

Pocks-Seeps
km2/Levels

Mud
Volcanoes

West Greenland 6 9410/2 5 3565/1 2 mud
diapir

East Greenland—
Svalbald—Barents Sea 4 2163/4 E.

Barents S. 14 26,316/58 16 3110/95 65 1007 1

Mid-Norwegian margin 6 4278/9 76

northeast Atlantic 8 139 24 139 36 58,273/42

Southern Iberian and
northwest African margins

22 Gulf of
Cádiz 10 1 7 4 44 233/1 Alborán 63

Eastern Mediterranean Sea 2 2360/4 24 59

Marmara Sea 1 512 2

Black Sea 23 3655/7 15 15,058/14 4 31 102
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4.2. Susceptibility Assessment

The presence of gas hydrates in marine sediments is a geohazard that has not yet been
evaluated in the whole of the European continental margins. This work uses the database
of marine gas hydrate evidence and indicators developed in the GARAH project to make a
pan-European assessment of hydrate presence on its continental margins. This assessment
was carried out in two steps: analysis and weighting of factors and susceptibility calculation.

4.2.1. Analysis and Weighting of Factors

Several factors were taken into account in this assessment: marine gas hydrate evi-
dence, seismic indicators, seabed fluid flow structures and thickness of the GHSZ.

Evidence of marine gas hydrates is the ground truth of where hydrate exists in the
seafloor and/or sub-seafloor. This layer establishes seafloor areas with a moderate–high
likelihood of occurrence of dissociation processes in the seafloor or sub-seafloor. The
magnitude of the processes will depend on the quantity of hydrate in the sedimentary
column and its type within the sediment (massive, in layers, disseminated, etc.).

Seismic indicators show seafloor areas where hydrates could exist. Marine gas hy-
drates have not been recovered, but there is a moderate to high likelihood of them occurring.
In areas where marine gas hydrates have been recovered by direct sampling (geological
evidence), seismic indicators allow hydrate occurrence to be inferred.

Seafloor geological structures related to hydrocarbon fluid migration, such as pock-
marks, gas flares, mud volcanoes and HDAC are directly linked to deep hydrocarbon
reservoirs. The occurrence of these structures reveals a free fluid leakage from the sedi-
mentary structure to the water column. These processes can occur inside the GHSZ, in
some cases due to preferential fluid migration from deep reservoirs, and in other cases, as a
result of hydrate dissociation processes. This layer of information will thus establish a wide
spectrum of the susceptibility of presence of marine gas hydrates and their hazardousness.
It will range from low or void in areas outside the GHSZ to moderate to high in areas
inside the GHSZ.

The thickness of the GHSZ establishes the theoretical seafloor area where the occur-
rence of hydrates is physically possible under optimal gas saturation and salinity conditions.
Seafloor areas inside the GHSZ will be considered potential areas to be affected by dissocia-
tion processes. In addition, the intersection between the base of the GHSZ and the seafloor
will be considered a potential strip of the high likelihood of fluid leakage and dissociation
processes. The three oceanographic variables taken into account in the thickness calculation
were seafloor temperature, geothermal gradient and bathymetry.

Each geological and geophysical item of evidence and indicator was weighted ac-
cording to the confidence/certainty of finding hydrates at the site. The maximum weight
(or confidence) was given to recovered samples of gas hydrates or evidence of hydrate
dissociation, such as degassing or liquidation structures in gravity cores. Seismic indicators
of the presence of gas hydrates or hydrocarbon seabed fluid flow such as BSRs, acoustic
blanking, amplitude anomalies and the presence of geological structures of seabed fluid
flow in the vicinity of the GHSZ were weighted with a lower value, between 0.8 and 0.9,
based on expert criteria (Table 3).

Regarding the theoretical GHSZ, the seafloor was weighted in three categories. Seafloor
areas outside the theoretical GHSZ were excluded as not likely to be affected by hydrate
dissociation processes. On the other hand, any location inside the GHSZ was selected as
theoretically likely to suffer dissociation processes. A strip at the up-dip limit of the GHSZ
(50 m in thickness) was a critical area for these dissociation processes (Figure 3).
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Table 3. Weights given to each hydrate-related item of evidence or indicator for the development of the density map of
evidence/indicators.

Evidence and Indicator Description Weight

Gas hydrate samples Crystals or aggregates of gas hydrates observed in gravity cores. 1

Degassing structures Bubbles and/or vacuoles (porosity) in sediment liquefactions observed in
gravity core samples. 1

Pore water anomalies Chemical and isotopic pore water anomalies that are caused by hydrate
dissociation (e.g., downward chlorinity decrease combined with δ18O increase). 0.9

BSRs
Only bottom-simulating reflectors generated by the impedance contrast between
the gas-hydrated sediment above and a free gas layer below. Opal BSRs
are excluded.

0.9

High resistivity Anomalous high electrical resistivity in logs due to the presence of
massive hydrates. 0.9

Velocity anomalies Anomalous seismic propagation velocity in the sediment due to the presence of
both gas hydrates and free gas. 0.8

Acoustic blanking facies Zones devoid of reflections in seismic profiles because of the presence of free gas
in the sediment. 0.8

Dim spots Local low-amplitude seismic attribute anomalies that may indicate the presence
of hydrocarbons. 0.8

Bright spots Seismic amplitude or high-amplitude anomalies that may indicate the presence
of hydrocarbons. 0.8

Gas chimneys Areas of poor data quality or push-downs caused by subsurface leakage of gas
from a poorly sealed hydrocarbon accumulation. 0.8

Seabed features Geomorphological features related to seabed fluid flow. 0.8

Gas seepage: pockmarks, mud
volcanoes, gryphons

Steady or episodic, slow or rapid, visible or invisible flow of gaseous
hydrocarbons from subsurface sources to the Earth’s surface. Pockmarks are
craters in the seabed caused by fluids erupting and streaming through the
sediments. Mud volcanoes are positive cone-shaped reliefs created by the
extrusion of mud, water and gases, mainly hydrocarbon fluids.

0.8

Mud diapirs Positive, cone-shaped reliefs created by intrusion inside the sediment column of
mud, water and gases, mainly hydrocarbon fluids. 0.8

HDAC Hydrocarbon-derived authigenic carbonate formed as a consequence of the
anaerobic oxidation of methane by consortia of microbes. 0.8

Gas flares Acoustic artefacts in the water column caused by gas bubbles. 0.8

4.2.2. Susceptibility Calculation

The proposed methodology analyses the geological hazard by means of the suscepti-
bility assessment. The term “susceptibility” is employed here to define the likelihood of
occurrence of hydrates in the sediment column, and subsequently the likelihood of them
being affected by dissociation processes resulting from natural or human-induced activities
(liquefaction, explosions, collapse, crater-like depressions or submarine landslides). Sus-
ceptibility assessment is applied as the first step in a pan-European risk assessment, owing
in particular to (i) the regional scope of the assessment (the European continental margins
and adjacent areas) and (ii) the current state of European gas hydrate-related information
characterized by intensively studied areas with a high density of high-quality data and
wide areas of critical knowledge gaps with no data.

The baseline scenario (the initial hypothesis) is that gas hydrate occurrence is only
possible in seafloor areas where pressure (bathymetry) and seafloor temperature conditions
are inside the theoretical GHSZ. In this zone, the occurrence of gas hydrates is directly
related to the presence of evidence (direct samples of hydrates) or indicators of it (e.g.,
pore water and velocity anomalies, BSRs and gas chimneys), as well as the occurrence of
hydrocarbon fluid flow structures. Finally, the likelihood of the seafloor being affected by
gas hydrate dissociation processes will be great at the base of the GHSZ and in the vicinity
of gas hydrate evidence and indicators.

In order to prove this initial hypothesis, a susceptibility assessment was carried out
through map algebra in a GIS environment from a density map of evidence and indicators
and the pan-European map of the GHSZ on the seafloor.
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The first step for the development of the density map was to create a lattice of evidence
and indicators at a resolution of the work scale (5× 5 km), which will be the final resolution
of the susceptibility assessment map. In this lattice, each geographical feature of evidence
and indicators was weighted according to Table 3.
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Figure 3. Theoretical up-dip limit of the GHSZ in the study area (modified from Núñez-Varela, 2020). In the volcanic area of
Macaronesia (the Canary and Madeira islands), the up-dip limit has been eliminated because of the absence of hydrocarbon
reservoirs on the flanks of the islands.

A hypothesis was then established that considered the database of ground evidence
for sites that have been sampled, but occurrences of gas hydrates might not be restricted
to these point locations. If a given pixel were located between a ground evidence and an
indicator, the likeliness of that pixel containing gas hydrates would be greater than that of
a pixel located far from either. Given the discrete nature of the features described within
the database and the relative concept of this likeliness, a regionalization technique was
applied following a smoothed saturated algorithm of kernel density. Here, the weighting
of the features represents an abstract concept of the confidence of having gas hydrates. This
technique consists of a kernel density estimation, which fits a smoothly tapered surface to
each point or polyline. The search radius (default option) was calculated on the basis of the
spatial configuration and the number of input points. This approach corrects for spatial
outliers (input points that are very far from the rest), so they will not make the search radius
unreasonably large. These values of the weighted density map were then normalized from
zero to one (Figure 4) to remove the per area output of the model, providing a relative
likeliness of between 0 and 1, where 0 means that there is very little (but not no) confidence
of finding significant amounts of gas hydrates at that location and 1 means that there is
certainty of finding gas hydrates at that location.
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Parameters: population field, weight (taken from Table 3); cell size, 5000; method, geodesic.

Regarding the weighted map of the theoretical GHSZ (Figure 3), the up-dip limit
of the GHSZ in the vicinity of the low-latitude volcanic islands in the Atlantic Ocean
(i.e., the Azores, Madeira and the Canary Islands) was not taken into account because
of the absence of hydrocarbon reservoirs at these geological sites. Finally, this map was
weighted in relation to the mean value of the normalized density map of evidence and
indicators (mean = 0.00228; Figure 4). Thus, according to its likelihood of being affected
by dissociation processes, the GHSZ on the seafloor was weighted using expert criteria.
The strip of up-dip of the GHSZ was weighted with 0.00228 and the rest of the GHSZ with
0.00114 (half the likelihood). Seafloor areas outside the GHSZ were given a value of zero.

The susceptibility assessment was performed by map algebra, taking into account the
control maps of density of hydrate evidence and indicators and the weighted map of the
GHSZ on the seafloor. Specifically, the final map (Figure 5) was conceived as a segmentation
in three levels by quantiles resulting from the addition of the above control maps:

Sc = δei + GHSZw (1)

where Sc is the susceptibility map; δei is the normalized weighted density map of hydrate
evidence and indicators; and GHSZw is the weighted map of the GHSZ on the seafloor.
The final Sc value was masked with the positive values of the GHSZ map. Seafloor areas
outside the GHSZ have a susceptibility value of zero.
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Figure 5. Susceptibility assessment of the seafloor to the presence of hydrates on the European continental margins and
adjacent areas.

Susceptibility values were segmented into three levels by quantiles: low from 0.009
to 0.0129, middle from 0.0129 to 0.0325 and high from 0.0325 to 1.009. The susceptibil-
ity assessment shows seven areas with high values: Svalbard, the northern Norwegian
margin—Barents Sea, the continental slope of the mid-Norwegian margin and the North
Sea, the Gulf of Cádiz, the eastern Mediterranean and the Black Sea. Moderate values are
located on the west Greenland continental shelf, near the northwest British Islands and on
the continental slope of the western and northern Mediterranean Sea.

5. Discussion

This section analyses the pan-European database of susceptibility of presence of
marine gas hydrates from a geohazard point of view, considering the impact of spatial data
distribution on the uncertainty value and on the identification of critical knowledge gaps.

5.1. Hydrate-Related Knowledge Gaps

Nucleation and dissociation of marine methane hydrates are directly controlled by the
presence of hydrocarbon gas solubility in the sediment pore water and three environmental
parameters: seafloor temperature, geothermal gradient and pressure (water depth) [3].
However, free public information about these key parameters shows a non-homogeneous
continuity along the European continental margins. This issue is especially critical for
understanding the behaviour of the GHSZ or making predictions or calculations on it. In
particular, it is essential for assessments related to geohazards and risks, assessments of
the abundance of sediment-hosted gas hydrates, and assessments of the role of CO2-rich
hydrates in the geological storage of CO2. The issue is also of broad interest to the scientific
community: petroleum geologists, biologists and ecologist working on vulnerable ecosys-
tems, researchers on natural hazards and tsunamis, civil engineers and policy makers.
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We therefore assessed the critical knowledge gaps in the geological and geophysical
evidence and indicators and the oceanographic variables taken into account in the calcula-
tion of the GHSZ thickness. This assessment was carried out along density maps of seafloor
temperature, geothermal gradient and hydrate evidence and indicators. Owing to the
regional (pan-European) scope, an area unit was established at a sedimentary basin scale of
100,000 km2 (a searching radius of ca. 178.4 km) and a surface resolution of 5 km × 5 km.

Evidence of marine methane hydrates has been reported in eight main regions along
the European continental margins (Figure 2): offshore Greenland and Svalbard, the Nor-
wegian margin, offshore the northern British Islands, the southern Iberian and northwest
African margins (the Gulf of Cádiz and Alborán Sea), and the Black, Marmara and eastern
Mediterranean seas. These areas show a high density of high-quality data resulting from
several scientific oceanographic cruises and an intensive scientific survey. Outside the
limits of these areas, the lack of evidence and indicators is obvious. In our opinion, the
reliability of this lack of evidence is controversial (Figure 6). Although the majority of
European continental margins have been prospected for the oil industry, some deep ocean
basin areas have not. Therefore, some areas with a lack of evidence (possibly located in
deep ocean basins) could be treated as information gaps resulting from a lack of prospection
or scientific fluid flow research.
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Figure 6. Knowledge gap assessment of hydrate evidence and indicators. Density map developed with the “point density”
algorithm of ArcGIS®. Pixel value, number of items of evidence and indicators of hydrates per 100,000 km2. Parameters:
population field, none; cell size, 5000; radius, 178,415 metres; areal units, square kilometres; method, geodesic.

Seafloor temperature and marine geothermal data have a heterogeneous dis-
tribution. Marine geothermal data appear to be concentrated with high density in
some of the above-mentioned eight main regions with hydrate evidence surveyed
by scientific cruises (Figure 7a). On the other hand, seafloor temperature data, the
most sensitive variable in the theoretical calculation of the base of the GHSZ [63], are
especially concentrated in the Black Sea and on the eastern Atlantic continental shelf
(Figure 7b). For the two above datasets, areas with less than 1 record per 100,000 km2

were selected as knowledge gaps (KG in Figure 7). These knowledge gaps are especially
critical (i) in areas where direct hydrate samples have been recovered, (ii) in the vicinity of



Appl. Sci. 2021, 11, 2865 15 of 23

the up-dip limit of the GHSZ, and (iii) in areas where seabed fluid flow structures have been
detected. The critical knowledge gaps for geothermal gradient data are east of Greenland,
Svalbard–Barents Sea, the White Sea, northwest of the British Islands and the southeastern
Mediterranean Sea; and for seafloor temperature they are east Greenland, the western
Barents and White seas, the northern Black Sea and the southeastern Mediterranean Sea
(north of Libya). In addition, because of the critical need to understand geothermal gradient
in areas that have a relatively high spatial variance, high-resolution coverage is critical, in
particular in order to assess the potential for uncertainty predictions for similar areas with
no data.
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Figure 7. (a) Knowledge gap analysis of geothermal gradient data. KG, knowledge gap of geothermal
gradient data; CKG, critical knowledge gap of geothermal gradient data. (b) Knowledge gap analysis
of seafloor temperature data. KG, knowledge gap of seafloor temperature data; CKG, critical
knowledge gap of seafloor temperature data. Density maps developed with the “point density”
algorithm of ArcGIS®. Pixel value, number of data per 100,000 km2. Parameters: population field,
none; cell size, 5000; radius, 178,415 metres; areal units, square kilometres; method, geodesic.
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In general, the public bathymetry data collected (EMODnet Bathymetry and IBCAO)
have a quite acceptable quality and have been very useful for the objectives of this hydrate-
related pan-European study. The original grid has a cell size of 100 × 100 m and the
inference was calculated with a cell size of 5 × 5 km.

The EMODnet Bathymetry dataset has a quality value stored for each pixel/bathymetry
datum calculated from derived bathymetric parameters: minimum water depth in metres
to the lowest astronomical tide (LAT), average water depth in metres to the LAT, maximum
water depth in metres to the LAT, standard deviation of water depth in metres, number
of values used for interpolation over the grid cell, the interpolation flag (identification of
extrapolated cells), average water depth smoothed by means of a spline function in metres
to the LAT, an indicator of the offsets between the average and smoothed water depth as
a % of the water depth, and a reference to the prevailing source of data with metadata.
Unfortunately, this information (per pixel) is not available on the web portal. Consequently,
quantifiable targets for calculating knowledge gaps are not available. However, through a
visual analysis, areas with poor accuracy or lack of data were selected, especially on the
North African Mediterranean margins (e.g., north of Libya). These areas were classified as
bathymetry knowledge gaps (KG in Figure 8b,c). However, owing to the resolution of the
inference (5 × 5 km), no critical gaps were determined for the bathymetric data.

5.2. Reliability of the Susceptibility Assessment

In areas where hydrate evidence and indicators have been reported, the assumption
of a salinity of 36 psi for the theoretical GHSZ calculated by Núñez-Varela [61] along the
study area involves an error in the thickness calculation of ±2–10 m in the Arctic region
(33–35 psi), ±5 m in the Mediterranean Sea (38 psi) and ±30 m in the Black Sea (17 psi) [64].
Nevertheless, considering the regional scale of the susceptibility assessment (cell size of
5 × 5 km), these errors are acceptable in the thickness calculation because they lay inside
the vertical precision of the assessment. The error made by the difference in salinity in the
theoretical GHSZ is lower than the vertical precision of this calculation due to the variation
of the bathymetry each 5 km along the continental slope. In particular, ±15–120 m in
the Arctic region, and ±100–200 m in both the Mediterranean and Black Sea. Regarding
the Black Sea, although errors coming from salinity are still acceptable, the susceptibility
resulting should be taken with caution, as values could be higher.

In order to assess the reliability of the susceptibility inference, a qualitative value of
uncertainty (very high, high, middle, low and very low) was established as a function
of the data density taken into account in the susceptibility calculation (Figure 9). The
reliability (u) is thus equal to the sum of the density maps of geothermal gradient (ρgr),
seafloor temperature (ρst) and hydrate evidence and indicators (ρhy):

u = ρgr + ρst + ρhy (2)

Five levels of reliability were established. The reliability is considered “very low” with
values from 0 to 36 data per 100,000 km2, approximately less than ca. 1 datum per 50 km
in mean; and “low”, “middle”, “high” and “very high” from 36 to 144, from 144 to 648,
from 648 to 3149, and from 3149 to 15,218 data per 100,000 km2, respectively. These levels
were defined by the geometrical segmentation of u-value, except “very low” and “low”,
which were defined by expert criteria. Very low reliability areas were catalogued as global
knowledge gaps (KG in Figure 9) that are critical (CKG) in the vicinity of the up-dip limit
of the GHSZ and hydrocarbon seabed fluid flow structures.

Areas located in the proximity of the continental shelf and intensively surveyed by
oceanographic cruises show the most reliable results in the susceptibility assessment. By
contrast, areas distant from the coastline (e.g., the mid-Atlantic Ocean) and areas that are
inaccessible because of the presence of icebergs (e.g., east Greenland) or political issues
(e.g., north of Libya) have very high uncertainty.
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Figure 8. Knowledge gaps of bathymetry data. (a) EMODnet Bathymetry mosaic in the study area
(cell size ca. 200 × 200 m). (b) Detail of knowledge gap on the Algerian margin. (c) Detail of
knowledge gap on the Libyan margin. Details downloaded from the EMODnet Bathymetry web
portal (https://portal.emodnet-bathymetry.eu/; accessed on 1 January 2021).
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Figure 9. Reliability of the susceptibility assessment of hydrate presence on the European continental
margins. (a) Reliability prediction in the inference of the susceptibility of the seafloor to the presence
of hydrates. KG, global knowledge gap; CKG, global critical knowledge gap. (b) Reliability and
susceptibility assessments overposted.



Appl. Sci. 2021, 11, 2865 19 of 23

5.3. Spatial Significance of the Susceptibility Assessment and the Impact of Knowledge gaps

Owing to the methodology applied, the hydrate evidence knowledge gaps are directly
related to low values of susceptibility. These knowledge gaps may have two possible
causes: (i) the catalogue is incomplete, these areas have been poorly surveyed, no records
have been recovered, but hydrates may exist and subsequently a high susceptibility may
be potentially latent; and (ii) there are no data because there is no evidence of hydrates. In
order to solve this uncertainty, two concepts are added in the susceptibility assessment: the
up-dip limit of the GHSZ and the presence of hydrocarbon seabed fluid flow structures.
Particularly, examples of this situation are the east Greenland shelf, the Irish margin, the
western Iberian margin and the western Mediterranean Sea, where no hydrates have been
recovered but hydrocarbon seabed fluid flow structures and seismic indicators (e.g., on the
Irish margin) have been observed.

High susceptibility values are located in areas with a high density of evidence and
indicators. The majority of gas hydrate evidence stored in the database was recovered
in focused seabed fluid flow structures such as mud volcanoes or pockmarks. This is
especially significant on the southern European margins in the Gulf of Cádiz and the
eastern Mediterranean and Black seas. In these cases, gas hydrates are circumscribed to
the feeder systems of the hydrocarbon fluid migration structures, which, subject to certain
exceptions, do not exceed 0.1 to 1 km and 4 km in diameter for pockmarks and mud
volcanoes, respectively. In these areas, there is therefore no continuous spatial variation in
the presence of hydrates. Gas hydrates appear with a located distribution (nugget effect?)
and focused inside the hydrocarbon fluid flow structures where fluid migration is mainly
controlled by faults [45,65]. However, the presence of hydrocarbon fluid flow structures
shows a continuous spatial variation in fluid leakage areas. In these areas, the density
map shows areas where hydrate-bearing fluid flow structures are more probable and,
subsequently, the likelihood of the seafloor suffering gas hydrate dissociation processes as
a result of natural or human activities could also be high. Finally, although the susceptibility
could be high in mud volcano fields, for instance, the real risk or magnitude of dissociation
processes will be low because of the typology or internal structure of hydrates inside the
sediment. In mud volcanoes, hydrates constitute small (millimetres or centimetres) crystals
or aggregates, and their real volume is low.

Moderate susceptibility values seem to be controlled by the GHSZ and in particular by
the optimal theoretical environmental conditions for hydrate presence on the continental
shelves of the Arctic region and Mediterranean Sea. In our opinion, the presence of
moderate values on the eastern continental shelf of Greenland and their absence on the
western Norwegian shelf is directly related to the presence of cooler bottom water masses on
the eastern continental shelf of Greenland and the subsequent influence on the theoretical
GHSZ. Although no hydrates have been recovered in the Mediterranean Sea, owing to the
particular seafloor temperature/pressure conditions (bathymetry) on the continental slope,
this area has a slightly elevated likelihood of occurrence of hydrate dissociation processes
in the hypothetical presence of hydrocarbon gases in the sediment column.

The future global warming scenario projected by the scientific community [66–68]
increases the susceptibility assessed by the direct effect on the gas hydrate stability of the
ocean temperature increase [69] and the isostatic rebound in polar and sub-polar areas [9].
This direct effect (seafloor temperature increase and effective seafloor pressure decrease)
will have a high impact on the eastern Greenland shelf, the northwest Norwegian margin,
Svalbard and the Barents Sea, and subsequently the susceptibility in these areas will
increase greatly. Furthermore, future changes in the thermohaline circulation [67,68] could
have dramatic effects at high latitudes on the seafloor temperature and subsequently on
hydrate stability.

6. Conclusions

Geological and geophysical evidence and indicators of the presence of marine gas
hydrates and the oceanographic variables controlling the GHSZ show a heterogeneous
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distribution and knowledge gaps (areas with <1 records per 100 km2) along the European
continental margins. Some of these knowledge gaps have been classified as critical: (i) for
geothermal gradient, data on the east of Greenland, Svalbard, the northern Norwegian
margin, the southern Barents Sea and the White Sea, the north of the British Islands, the
Gulf of Cádiz, the Bay of Biscay, the north-western Iberian margin and the southwestern
Mediterranean Sea; and (ii) for seafloor temperature, data on east of Greenland, the western
Barents Sea and White Sea, the northern Black Sea and the south-eastern Mediterranean Sea.

The susceptibility assessment of occurrence of hydrate dissociation processes on
the seafloor shows high values in Svalbard, the northern Norwegian margin—Barents
Sea, the continental slope of the mid-Norwegian margin and the North Sea, the Gulf of
Cádiz and the eastern Mediterranean and the Black Sea. Moderate values are observed on
the continental shelf of western Greenland, the northwest of the British Islands and the
continental slope of the western and northern Mediterranean Sea.
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